In this research, we applied one-step electrodeposition to fabricate CuInSe 2 films. Deposition parameters, including the pH value of the plating solution, the deposition time and the current density, were adjusted to find preferable conditions to fabricate high quality CuInSe 2 film. Material properties were examined by X-ray diffraction (XRD), scanning electron microscope (SEM) images and energy dispersive spectrometer (EDS) analysis. Experimental results indicate that plating solution with a pH value of 1.5, a current density of 0.3 ASD and deposition time of 15 min are the optimal parameters for CuInSe 2 film deposition. It is our belief that our findings can further enhance the development of highquality electrodeposited film for use in future copper indium selenide (CIS) solar cell applications.
INTRODUCTION
Over the last several years, the use of CuInSe 2 thin film for the absorption layer of solar cells has attracted growing attention due to its wide band gap, high absorption coefficient, broad spectrum absorption and high thermal stability. Out of the current generation of polycrystalline ternary semiconductors, CuInS 2 and CuInSe 2 solar cells, both called copper indium selenide (CIS) solar cells, show great promise for future industrial application. Over the past decade, the development CIS (Cu-In-Se) thin film absorption layers in solar cells have received increasing attention due to its high efficiency, low cost and long lifespan (Persson, 2006) . To fabricate high-quality CIS film, various methods have been proposed, including evaporation (Deepa et al., 2009 ), molecular beam epitaxy (Liu and Tseng, 2005) , sputtering (Müller et al., 2006; Yang et al., 2008) , spray pyrolysis (Terasako et al., 2006 (Terasako et al., , 2007 and selenization (Kang et al., 2009) . Given the expense of dry deposition methods in vacuum conditions, wet processing of electrodeposition has been investigated as an alternative due to its low cost, fast production and large area fabrication (Liu et al., *Corresponding author. E-mail: hchen@ncnu.edu.tw.
2008
; Whang et al., 2009) . Two methods have been utilized for CIS film electrodeposition: one-step electrodeposition (Bhattacharya, 1983) and two-step electrodeposition (Wang et al., 2009 ). Our research focuses on one-step electrodeposition process and the influence of deposition parameters, including the pH value of the plating solution, the deposition time and the current density, in order to find preferable conditions to fabricate high quality CuInSe 2 film (Ramanathan et al., 2003) . To evaluate our findings, multiple material analyses were applied on thin film deposition samples of this study.
EXPERIMENTAL
The electrodepositing system used in our research consists of two electrodes: platinum (Pt) for the counter electrode and fluorine doped tin oxide (FTO) for the work electrode. Using co-electrodeposition, the system grew CuInSe2 film on FTO. The electrolyte compositions were CuCl2, InCl3 and H2SeO3. Then constant current deposition was used to grow the CuInSe2 layer with a plating solution of ZnCl2, KCl and H2O2. We adjusted deposition parameters, such as the pH value of the plating solution, the deposition time and the current density to ascertain optimal deposition conditions to deposit CuInSe2. To examine the thin film quality, material properties of the film were examined using X-ray 
RESULTS AND DISCUSSION
To examine how the different deposition parameters relate to the experiment results, XRD was used to analyze the thin film crystallization, EDS was used to examine the element composition and SEM was used to observe surface morphology. To begin with, the CuInSe 2 film was deposited for 15 min with a constant current of 0.3 ASD in solutions with different pH values of 1.5, 1.7 and 1.9. SEM images of the surface morphology as shown in Figure 1a , b and c reveal that the deposited film with a pH value of 1.5 obtained larger grain size than the film with pH values of 1.7 and 1.9. The plating solution with a pH value of 1.5 may enhance crystallization of the CuInSe 2 film. Consistent with the SEM images, the XRD analysis as shown in Figure 2 shows that the film prepared in solution with a pH value of 1.5 had the strongest CuInSe 2 crystallization peaks, signifying the formation of more crystallized CulnSe 2 film. Furthermore, to investigate the impact of the current density, film deposited for 15 min with various current densities of 0.1, 0.2, 0.3 and 0.4 ASD in a solution with a pH value of 1.5 was analyzed. As shown in Figure 3a , b, c and d, at a low current density of 0.1 ASD, flakes can be observed, but no crystallization. When the current density was increased from 0.1 to 0.3 ASD, the grain size increased. As the current further increased to 0.4 ASD, the grain size decreased. The XRD analysis as shown in Figure 4 confirms these results. The deposited film with a constant current density of 0.3 ASD exhibited the strongest peak among the films deposited with different current densities. Furthermore, EDS was used to evaluate the Cu/In ratio, as shown in Figure 5 . At a low current density of 0.2 ASD, films with Cu/In>1 may be formed in solutions with high pH values of 1.7 and 1.9, while CuInSe 2 film with Cu/In<1 may form with a pH value of 1.5. At high current densities of 0.3 and 0.4 ASD, film with Cu/In<1 may grow in solution with various pH values.
Finally, to study the film quality in relation to deposition time, film grown for 5, 10, 15 and 20 min with a current density of 0.3 ASD in a solution with a pH value of 1.5 was examined in SEM images as shown in Figure 6a , b, c and d. As the deposition time increased from 10 to 15 min, the grain size in the SEM images became larger, indicative of better-crystallized film. As the deposition time further increased to 20 min, the larger grains became rougher and some small cracks or porous structures could be observed on the grain surface. Similar to the SEM results, the XRD analysis as shown in Figure 7 demonstrates that the film deposited for 15 min, exhibited the strongest CuInSe 2 peaks, indicating that deposition for 15 min is preferable to grow more crystallized film.
Conclusion
In this research, we fabricated CuInSe 2 films using electrochemical deposition. To deposit films of high quality, various deposition parameters were examined with SEM imagery and XRD analysis. EDS was used to detect the Cu/In ratio. Using multiple material analyses, a pH value of 1.5, a current density of 0.3 ASD and a deposition time of 15 min were proven to be the optimal parameters in which to deposit high-quality CuInSe 2 film. We believe that these results can further enhance the development of high-quality electrodeposited film for use in future CIS solar cell applications.
